Understanding morphology dependent catalytic kinetics from a single nanoparticle plays a significant role in the development of robust nano-catalysts with high efficiency. Unfortunately, detailed knowledge of the morphology dependent catalytic properties of single nanoparticles after shape transitions is lacking. In this work, the distinct catalytic properties of a single gold nanoparticle (GNP) after symmetry breaking were disclosed at the single-particle level for the first time. The morphology of the spherical GNP was elongated into a rod shape (i.e., gold nanorod, GNR) with a tightly focused Gaussian laser beam based on the photothermal effect. By using the fluorogenic oxidation reaction (i.e., amplex red to resorufin) as a model reaction, noticeable variation in catalytic efficiency after the shape modulation process was found at the single-particle level. The GNP displays noticeably higher catalytic efficiency which might be ascribed to the heterogeneous lattice structure on the particle surface as confirmed by transmission electron microscopy (TEM) characterization. Rearrangement of surface atoms after shape modulation normally generates a more ordered crystal structure, resulting in a lower surface energy for catalytic reaction. However, both of these nanoparticles still exhibit dynamic activity fluctuation in a temporal dependent route, indicating a distinct spontaneous dynamic surface restructuring process. These kinetic evidences might facilitate the development nanoparticle-based heterogeneous catalysts, particularly based on the morphology effect.
Introduction
Nanoparticle-based heterogeneous catalysis has attracted considerable attention in many important chemical transformations, including organic synthesis, pollutant removal and energy production. [1] [2] [3] Among those diverse nanostructures, metal nanoparticles are one of the most important heterogeneous catalyst with excellent or even new catalytic properties due to their high surface-to-volume ratio and chemical potentials. [4] [5] [6] Due to this, many methods have been developed to fabricate metal nanoparticles with novel structures. Chemical synthesis is one of the most commonly used approaches in solution. However, the size-and shape-dependent catalytic properties of the nanoparticles made by most of these techniques are oen obscured by broad size and shape distributions. [7] [8] [9] [10] For heterogeneous catalysis, different types of surface sites such as corner, edge and facet can lead to signi-cant diversities even from the same type of nanoparticle. [11] [12] [13] [14] [15] [16] For instance, some works have proved that Au nanoparticles with smaller diameters were more susceptible to dynamic catalytic surface restructuring due to their higher surface energies. [17] [18] [19] Atoms at the corner usually display the highest catalytic activity compared to other sites. 11, [20] [21] [22] As a consequence, exploration of the catalytic activity of nanostructures with different morphologies should be of great signicance to better understand the catalytic mechanism. Unfortunately, a limited message has been deciphered so far on the aspect of the catalytic efficiency of the nanoparticle aer morphology changes with single-particle resolution.
According to earlier explorations, the catalytic properties of nanoparticles are mainly measured at ensemble level.
23-26
However, because of the structural diversity, heterogeneous distribution of surface sites and surface restructuring dynamics under reaction conditions can further induce kinetic surface restructuring. 14, 27, 28 The catalytic properties of nanoparticles are therefore fundamentally complicated. Single-particle measurement by removing ensemble averaging, that can uncover the heterogeneous and dynamic behaviors of individual nanoparticles, is highly desired to interrogate the catalytic properties of the particle with single-turnover resolution. [29] [30] [31] [32] Because of the difficult in morphology manipulation at single-particle level, it is still a grand challenge to disclose the catalytic properties of the same particle with different morphologies. Laser assisted shape modulation has been widely used for the controllable manipulation of metal nanoparticle morphology. Photothermal energy and optical force generated by a tightly focused laser beam can lead to optically-controlled nanolithography and nanofabrication. [33] [34] [35] [36] For example, a pulsed laser is oen applied to fabricate and deform a rod structure to a spherical shape in solution.
37 However, only rare examples have demonstrated the transformation of a symmetric structure into an anisotropic one.
In this work (Fig. 1) , the catalytic dynamics of a gold nanostructure upon transformation from sphere to rod using controllable laser heating was explored for the rst time. A tightly focused Gaussian laser beam with excitation wavelength (532 nm) comparable to the plasmonic resonance wavelength of GNPs was used to heat the nanoparticle via the photothermal effect. Radiation pressure induced elongation from a sphere to rod shape (GNR, with aspect ratio of 1.3 AE 0.06) was readily achieved according to the microscopic and spectroscopic characterizations, and is dependent on the heating time and laser power of the excitation light. By using the uorogenic oxidation reaction (i.e., amplex red to resorun) as a model reaction, the difference in catalytic efficiency between the GNP and GNR was dissected in detail at single-particle resolution. Interestingly, statistically analyzed results indicate that the GNR possesses a lower catalytic activity than that of the native spherical structure, indicating a slower spontaneous dynamic surface restructuring process which might be ascribed to the coordination saturation and reorganized surface lattice structure aer morphology rearrangement. These new messages demonstrated herein provide deeper insight into the catalytic behaviors of single nanoparticles with different morphologies. Meanwhile, the single-particle shape modulation strategy as well as the single-molecule imaging approach introduced here should be applicable to study other nanoparticle catalysts and might facilitate the understanding of heterogeneous catalysis.
Results and discussion

Elongation of GNPs with controllable laser melting
Even though many interesting works have been reported on the exploration of the catalytic efficiency of nanostructures with different morphologies in bulk solution, direct information on the catalytic properties of the same nanostructure in different morphologies, particularly at the single-particle level, is still lacking. Knowledge of this will contribute to a better understanding of the structure dependent catalytic activity across a variety of chemical transformations. In this regard, we modulated the morphology of a single GNP assisted by controllable laser melting. Firstly, a seed-mediated growth method was adopted to synthesize spherical GNPs. UV-vis absorption spectroscopy measurement illustrates that the GNPs show a characteristic absorption peak at 533 nm (Fig. 2a) . Evidently, the GNPs exhibit a uniform size distribution with diameters around 60 nm as conrmed by the TEM image ( Fig. 2b ) which is further conrmed by the statistical result in Fig. 2c . The average value of the diameter is 59.0 AE 1.8 nm. The colloidal dispersibility of these GNPs was further conrmed by recording a color dark-eld image on the cover-glass surface. An evenly distributed scattering signal and well-dened green color from individual GNPs were recorded as shown in Fig. 2d .
Since the photothermal effect is closely correlated with the strength of illumination power, the laser power-dependent elongation process was studied ( Fig. 3a-d) . Before shape elongation, the scattering spectrum of the particle was determined with a peak wavelength close to 537.5 nm as expected for a spherical structure with a diameter of approximately 60 nm. Herein, the laser power-dependent shape modulation kinetics were explored under the strengths of 10, 12.5, 15 and 20 mW. As expected, the scattering spectrum changed noticeably under higher laser power illumination. The rate of spectrum shi is positively correlated with the intensity of the laser beam as noted from the scattering spectrum. About a 106.5 nm red-shi in the scattering spectrum was obtained within 100 s under 20 mW compared to 3500 s under 10 mW. Detailed timedependent elongation kinetics of the nanoparticle are shown in Fig. 3e -h. The scattering spectrum of the individual particle was gradually red-shied with increasing heating time. A steady state was nally achieved which is correlated with the strength of the laser power. A higher laser power normally results in a faster saturation speed. It is worth noting that under these illumination conditions the scattering spectrum of the particle is basically within the range of 600-650 nm, which is essentially modulated by the wavelength of the excitation laser beam.
Polarization measurements of the elongated nanoparticle
To disclose the morphology of the nanoparticle aer the laser heating process, in situ microscopic characterizations were performed. Fig. 4a and b show the corresponding dark-eld images of the nanoparticles captured by color CCD before and aer laser heating. Prior to the laser heating process, all of the particles display a uniform green color. Given that the spherical particle was elongated to a rod shape aer the laser heating process, a noticeable color change should be observed. For a GNR, the dark-eld image normally displays red color, which is dependent on the corresponding aspect ratio. As conrmed in Fig. 4b , all of the particles are changed into a uniform red color aer the laser heating process which is in good agreement with the scattering spectrum characterizations. Besides the dark-eld microscopic imaging results, another robust strategy to characterize the anisotropic morphology of the particle beyond the optical diffraction limit is polarization measurement. Fig. 4c and d illustrate the polarization dependent scattering intensity measurements from a single particle before and aer laser melting. Apparently, the intensity distribution pattern of the spherical GNP is noticeably different from that of the particle aer laser heating. The measured polarization dependent scattering responses from a single particle before and after laser melting. (e and f) The SEM results of the particle before and after laser melting. Polarization dependent scattering responses from a single nanorod with (g) and without (h) apparent tilting angle in 3D.
For spherical particles, the direction of the scattering signal in the far-eld image plane is uniform, resulting in an orientation independent signal response in the polarization measurements. However, for a rod-shape nanoparticle laying down on the surface, the scattering response is anisotropic, and exhibits longitudinal and transverse surface plasmon modes with oscillation direction parallel to the long and short axes, respectively. In this case, given that the particle is laying down on the glass slide surface, the period of polarization dependent signal response should be p due to the symmetric effect, see Fig. 4d . When the particle is partially laying down with an apparent tilting angle, the symmetric effect is broken. The period of the polarization measurement degenerated into 2p. This argument is conrmed by embedding chemically synthesized GNRs in agarose gel where the particles are randomly distributed with an apparent tilting angle in 3D. As conrmed in the polarization measurement, two lobes with different strengths were observed in the scattering intensity plot (Fig. 4g) , which is distinct from the result determined from the particle aer laser heating on the glass slide surface (Fig. 4h) . A more direct method to ascertain the laser assisted shape modulation process is SEM characterization. As shown in Fig. 4e , f and S1, † the apparent elongation process was observed aer the laser heating process. The aspect ratio of the resulting GNR is $1.3.
Distinct catalytic activity from gold nanostructures with different morphologies
Several interesting works have proved that GNPs possess the ability to catalyze the uorogenic reduction of non-uorescent amplex red to highly uorescent resorun by H 2 O 2 .
17,18
According to this, by using single-molecule uorescence microscopy, we dissected the catalytic effect of the gold nanostructure change from a sphere-to rod-shape at single-particle resolution. It is worth pointing out that, so far, no message has been elucidated on the difference in catalytic effects of a nanostructure aer a shape transition process, particularly from a sphere to rod shape. In this work, the single-particle catalytic experiments were performed within a ow channel loaded with various concentrations of amplex and H 2 O 2 (0.25 to 2 mM amplex red and 50 mM H 2 O 2 ). An EMCCD mounted on the le port of the microscope was used to capture signals from the catalytic products with a time resolution of 20 Hz. The uo-rescence from the oxidative product resorun was excited by a 532 nm laser. Each uorescent burst indicates the generation of a catalytic product (resorun) from a single gold nanoparticle. To ascertain the observed catalytic process generated from the target particle beyond optical diffraction limit, the dark-eld imaging modality was further coupled with the single-molecule uorescence imaging system. The position of the gold nanoparticle was rstly recorded in the dark-eld image (Fig. 5) . The uorogenic oxidation reaction from the desired nanoparticle was then recorded by changing the light path into uorescence imaging mode. Representative dark-eld images and the corresponding catalytic uorescence image are shown in Fig. 5 . Fig. 5f shows time dependent catalytic trajectories from gold nanostructures before and aer laser melting, respectively. These two trajectories all contain many uorescent bursts. We attributed the sudden intensity increase and sharp decline in the uorescence trajectory to single catalytic turnover from a single nanoparticle. Each uorescent burst indicates the formation of one uorescent molecule and each intensity decrease represents a product dissociation event. The dissociated molecules in solution are undetectable at our imaging speed due to their fast diffusion coefficient. For a single nanoparticle, the interval time s between two adjacent bursts is the time needed for the formation of a single product molecule. The individual value of time s is stochastic, but the statistical properties, for example distributions and mean values, can well reveal the diversity of underlying catalytic reaction kinetics. Because the "on" time of the burst is far less than the "off" time that can be neglected in one turnover, the single-particle turnover rate can be derived directly by counting the number of bursts per unit time, and the value is equal to hsi À1 , where h i denotes ensemble averaging.
To disclose the difference in the catalytic kinetics of these gold nanostructures, we rstly examined how the turnover rate hsi À1 depends on the reactant concentrations by conducting the catalytic reactions with different reactant concentrations. Here, the concentration of amplex red was changed while H 2 O 2 was kept constant at a saturated concentration (50 mM). Apparently, the turnover rate of these two types of particle all increase linearly with the increase of substrate concentration. Steady states were gradually achieved under different amplex red concentrations. It is evident that the turnover rate of the GNP was much higher than that of the elongated GNR, indicating a higher catalytic activity of the GNP for this oxidation reaction (Fig. 6a) . According to previous work, the kinetics of this nanoparticlebased catalytic reaction can be interpreted by the LangmuirHinshelwood mechanism, which has been widely used for heterogeneous catalysis. Based on this mechanism, the turnover rate from a single-particle was deduced according to the following equation:
where f(s) is the probability density function of s; k eff is the single-particle catalytic rate constant, representing the reactivity of a gold nanoparticle; R stands for the reductant amplex red and O for oxidant H 2 O 2 ; and K R and K O are the respective reactant adsorption equilibrium constants. Under saturating H 2 O 2 concentrations, eqn (1) reduces to:
Fitting the nanoparticle-averaged data of hsi À1 at different
[R] in eqn (2) gives k eff ¼ 0.73 AE 0.23 and 0.54 AE 0.31 s per particle, and K R ¼ 1.25 AE 1.09 and 0.12 AE 0.09 mM, respectively. As the data in Fig. 6a are averaged over many particles, all the values illustrated here reect the statistical properties of gold nanoparticles.
To differentiate the catalytic efficiencies of the sphere-and rod-shaped particles, we then quantied the catalytic activity from individual nanoparticles and determined their activity distributions. With the above kinetic messages, the probability density functions f(s) of turnover time s was derived:
under saturating concentration, Fig. 6b and c illustrate the distributions of s from the uo-rescence turnover trajectories of the GNP and GNR at a saturating [R] (1.5 mM). It is noticeable that s of the GNR is larger than that of the GNP. The distributions all follow an exponential decay with a rate constant of k eff . Statistically analyzing k eff for GNPs and GNRs, broad distributions from both of them are observed (Fig. 6d) , indicating a heterogeneously distributed catalytic efficiency among individual nanoparticles. This direct quantication of heterogeneous activity among individual gold nanostructures is uniquely available from single-particle measurements, and is difficult to realize from ensembleaveraged studies.
Importantly, knowledge of the difference of the catalytic efficiency between these two types of particles can be easily distinguished from the statistical analysis. The value of k eff for GNPs essentially distributes with a peak value of 0.80 AE 0.03 s per particle which is much larger than that of GNRs (0.49 AE 0.02 s per particle), indicating a faster turnover rate of the GNPs than that of the physically deformed one. Furthermore, the heterogeneity of k eff between these two kinds of particle can be quantied by the parameter of heterogeneity index h, which is dened as the value of the full width at half-maximum (fwhm) of the Gaussian distribution divided by the center of the Gaussian distribution. 12, 29, 38 This parameter can be used as a reference to evaluate the spread of values from the average of k eff . A larger heterogeneity index h indicates greater heterogeneity of the catalytic activity. In this work, the heterogeneity index h of the GNP is 71% while for the GNR is 57%, manifesting reduced heterogeneity aer shape modulation.
Facet-dependent catalytic dynamics
Besides the direct quantication of the activity differences from one nanoparticle to another, the underlying dynamic activity uctuations of a single nanoparticle can be examined by the temporal variation frequency of their catalytic turnovers. Temporal activity uctuations of a single nanoparticle can be demonstrated from the burst kinetics of single-molecule uo-rescence signals. On this basis, the rate of turnovers (the number of turnovers per unit time) is determined as shown in Fig. 7a and e. Broad temporal variations were observed in both these two types of particle, indicating dynamic activity uctua-tion on a single nanoparticle from time to time. The dynamic activity uctuation is essentially ascribed to the reaction changes in each single-turnover trajectory. Evaluation of the reaction changes on the activity uctuation can be done by extracting the sequences of individual s from their turnover trajectories and analyzing their autocorrelation functions The determined activity uctuation correlation time for the corresponding GNP is 114.2 s which is evidently faster than that for the GNR (175.4 s). Since the correlation time reects the time scales of the dynamic surface restructuring among those active surface sites on the nanoparticle, distributions of the correlation times from these two particles were explored to further determine the difference of the catalytic dynamics as shown in Fig. 7c and g. Consistent with the above observations, broad distributions were again observed from these two types of particle, indicating different surface restructuring time scales from different nanoparticles even with the same type of morphology. It is worth pointing out that the correlation time of the GNRs is evidently larger than the value from the GNPs, indicating a longer restructuring time for most deformed particles.
Because of the nanometer size effect, the surface of nanoparticles is unstable and can reconstruct dynamically, especially under catalysis, where the constantly changing adsorbatesurface interactions can further induce dynamic surface restructuring. 28, 39, 40 These structural dynamics can cause temporal dynamics of catalytic activity from individual nanoparticles. We attribute the dynamics of catalytic activity to the underlying surface restructuring dynamics, that is, the activity uctuation (the inverse of the correlation time). To support this point, we determined the dependence of the activity uctuation rates on the rate of turnover at various concentrations. As shown in Fig. 7d and h, the activity uctuation rates for all particles increase linearly with increasing turnover rate, reecting that the underlying dynamic surface restructuring caused activity uctuation is dependent on the turnover rate. In addition, an evident difference in the uctuation rates for these two kinds of particle can be seen. The spontaneous surface restructuring rate of the GNPs is slightly faster than that of the GNRs at any rate of turnover, showing the distinct surface restructuring dynamics they experienced. The intercept of the GNPs is higher than that of the GNRs, further indicating the faster spontaneous dynamic surface restructuring they possess.
Elongation of the nanoparticle during the laser melting process signicantly affects the photophysical properties of the nanoparticle, for instance, the structure of surface atoms and the surface energy. 16, 18, 22, 41 As conrmed by previous work, the growth rate of GNPs during seed-mediated synthesis is not constant. Generally, the particle grew faster at the beginning and slowed down linearly with increasing volume. 42, 43 Therefore, a gradient of surface defect density should be developed, manifesting in diverse crystal faces of GNPs as indicated by high-resolution TEM (HRTEM) results (Fig. 2e and f) . This observation conrms well the active catalytic efficiency of GNPs. The higher surface defect density on the GNPs might facilitate the oxidation reaction because the surface atoms of GNPs have greater coordination unsaturation. In the case of GNRs, photothermal effect induced surface atom reshaping should associate with rearrangement of the surface lattice structure which might largely restore the surface defects and drive the surface atoms from an unstable condition to a more inactive state. The energetics for adsorbate binding and breaking in the catalytic reaction are dependent on the surface free energy, which can effectively affect the spontaneous surface restructuring. Therefore, surface defects of the facets and stability of the surface atoms have a vital impact on the catalytic activity of the nanoparticle. In addition, as described in the Experimental section in the ESI, † the colloidal GNPs studied here have citrate ions on their surfaces as stabilization ligands. Although these nanoparticles were extensively puried under centrifugation and washed with DI water many times, residual citrate can still be present and may play roles in the catalysis and the dynamic surface restructuring. Laser assisted photothermal modulation might attenuate the ligand effect on the heterogeneity of the catalytic efficiency. Taken together, this detailed knowledge of the change in catalytic dynamics aer sphere to rod transformation by laser melting affords a new message on the better understanding of single-particle catalysis.
Conclusion
In summary, the morphology-correlated catalytic dynamics and activities of single gold nanoparticles aer laser-controlled shape manipulation were dissected at the single-particle level for the rst time. Real-time single-molecule catalysis reactions disclosed a distinct catalytic efficiency of the gold nanoparticle before and aer laser melting. GNPs made by a seed-mediated growth method displayed a higher catalytic turnover rate compared to the particle elongated by laser melting, which might be essentially ascribed to the reduced surface defect density aer the melting process. Meanwhile, the surface restructuring-coupled catalytic dynamics were also strongly inuenced aer shape deformation due to the deactivation of surface atoms in the catalytic reaction. This work factors out ensemble averaged effects and provides direct insight into the catalytic behaviors of single nanoparticles aer shape transformation which might provide a deeper understanding of nanoparticle based heterogeneous catalysis.
Conflicts of interest
There are no conicts to declare.
